THE INTESTINAL EPITHELIUM is subjected to repetitive deformation from diverse physical forces including peristalsis and villous motility during normal gut function (28, 72) . Increasing in vitro and in vivo evidence suggests that such forces may substantially influence intestinal mucosal cell biology by flexing the matrix, altering integrin binding, and initiating matrix-dependent signals that regulate enterocyte proliferation (10, 20, 44) . In vitro, such repetitive deformation stimulates intestinal epithelial proliferation and induces an absorptive phenotype characterized by increased dipeptidyl dipeptidase (DPPIV) expression in an amplitude-dependent fashion, changes opposite to those observed during prolonged fasting when peristaltic contractions and villous motility are diminished (5) . In addition, different models of repetitive mechanical deformation also promote differentiation in other cell types including fetal type II epithelial cells (69) , osteoblast-like cells (51) , and embryonic stem cell-derived cardiomyocytes (23) . However, the mechanisms of how strain modulates cell differentiation and particularly intestinal epithelial differentiation, a complex phenomenon during which the epithelial cells acquire the functional properties of mature enterocytes, are largely unknown.
Brush-border digestive enzymes such as dipeptidyl peptidase are canonical markers for enterocytic differentiation (4, 14, 55, 57, 73) . DPPIV cleaves NH 2 -terminal dipeptides from polypeptides with either L-proline or L-alanine at the penultimate position, including chemokines and neuropeptides, leading to their inactivation and/or degradation (65) . DPPIVspecific enzyme activity is also used in many other cell types as a marker of differentiation (2, 33, 67) . Indeed, the loss or alteration of DPPIV expression is linked to the development of many cancers, including breast, prostate, lung, ovarian, hepatocellular cancer, and melanomas, and plays a key role in tumorigenesis and metastasis (2) . In addition to brush-border digestive enzyme activity, intestinal differentiation is also frequently assessed by villin expression (24, 30, 36, 41, 49) . Villin is a key Ca 2ϩ -regulated actin-binding protein in the microvillus core of the brush border (1, 24, 30, 36, 41, 46, 47, 49) . Intestinal epithelial cells and kidney proximal tubule cells are notable examples of cells that have these highly specialized brush-border microvilli and villin accumulate at their apex. Villin content in differentiated HT29 -18 cells, a clone derived from the HT-29 human colonic adenocarcinoma cell line, is 10 times higher than that in undifferentiated HT29 -18 cells but close to that seen in normal human colonic cells (17) .
We have previously observed that cyclic strain of a physiologically relevant frequency and magnitude modulates the differentiation of well-differentiated human intestinal epithelial Caco-2 cells, increasing in the specific activity of DPPIV (5) . Schlafen 3 belongs to a family of growth regulatory genes that was first discovered in mice (61) and presently contains 10 intracellular protein members (53) . A unique domain named "Schlafen box" along with the adjacent ATP/GTP binding AAA domain is common to all the members in the family (21) . This family has been divided into three subgroups on the basis of their overall exon homology and size of the encoded proteins (21, 61) . Schlafen 3, along with Schlafen 4, Schlafen 6, and Schlafen 7, belongs to intermediate subgroup. Schlafen 3 has recently been associated with cellular growth during aging and differentiation (52, 53) . Other Schlafens, such as Slfn-1 or -8, plays an important role in modulation of T cell development (42, 61) . Schlafen expression has been reported to increase during cellular differentiation in hematopoietic cell lines (7) , and Slfn-2 induction has been shown to be critical during the process of differentiation of monocytes/macrophages to osteoclasts induced by receptor activator of NF-B ligand (42) . In this study, we sought to evaluate whether Schlafen 3 mediates the effects of strain on the differentiation of nontransformed rat small intestinal epithelial cells (IEC-6) cultured on collagen-coated membranes in the absence or presence of strain.
MATERIALS AND METHODS

Materials.
The nontransformed rat intestinal cell line, IEC-6, was obtained from American Type Culture Collection (Manassas, VA). DMEM, oligofectamine, and Plus Reagent were obtained from Invitrogen (Hercules, CA). Trypsin was obtained from Sigma (St. Louis, MO). Phosphospecific polyclonal antibodies to focal adhesion kinase (FAK) at Tyr576 were obtained from BIOSOURCE (Camarillo, CA). Phosphospecific rabbit polyclonal antibodies to p42/p44 at Tyr202/Thr204 (p-ERK1/2) and Akt at Thr473, rabbit polyclonal antibody to p42/44 (ERK1/2) and Akt, and horseradish peroxidaseconjugated anti-rabbit and anti-mouse IgG were obtained from Cell Signaling (Beverly, MA). Mouse monoclonal antibody to FAK was obtained from Upstate Cell Signaling Solutions (Charlottesville, VA). Western blot stripping reagent was obtained from Chemicon International (Temecula, CA). Goat polyclonal Schlafen 3, villin, Hsp 27 antibody, and horseradish peroxidase-conjugated anti-goat IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to GAPDH was obtained from Biodesign (Saco, ME).
Cell culture. Nontransformed rat IEC-6 cells (American Type Culture Collection) were maintained at 37°C 5% CO 2 as previously described (21) .
Strain application. Cells were plated on Flexwell plates and maintained in a 37°C humidified incubator with 5% CO2. Once the cell monolayers were confluent, they were subjected to mechanical deformation using the Flexcell Strain Unit (FX-3000; Flexcell, McKeesport, PA) as described previously (19) . Briefly, cells were subjected to cyclic deformation and relaxation at a magnitude of 10% strain and a frequency of 10 cycles/min by a computer-controlled 20-kPa vacuum. Control plates were not attached to the Flexcell Unit though placed in the same incubator. Placing a Plexiglas ring in the center addressed the nonuniformity of strain in the center of the flexible wells because cells were plated only around the periphery of the ring where strain is more uniform. Previous studies have demonstrated that the cells remain adherent during deformation and experience parallel elongation and relaxation with the repetitive deforming membrane (5) .
Matrix and inhibitors. Flexwell amino plates were precoated with collagen I. Cells were seeded at 300,000/well and grown to confluence. PD98059, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2), LY294002, and SB203580 (Calbiochem, La Jolla, CA) were each dissolved in DMSO, diluted immediately before use, and added to the cells 1 h before exposure to strain. Control cells in these studies were similarly treated with 0.1% DMSO as a vehicle control.
Western blot analysis. Following strain, IEC-6 cells were lysed on ice in modified radioimmunoprecipitation buffer (50 mmol/l Tris, pH 7.4, 150 mmol/l NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mmol/l EDTA, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l Na3VO4, 50 mmol/l NaF, 10 mmol/l sodium pyrophosphate, 2 g/ml aprotinin, and 2 g/ml leupeptin, pH 7.4), and lysates were centrifuged at 12,000 g for 10 min at 4°C. Supernatant protein concentrations were determined by bicinchoninic acid analysis (Pierce Chemical, Rockford, IL). Equal amounts of protein were resolved by SDS-PAGE and electrophoretically transferred to Hybond enhanced chemiluminescence nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, NJ). Nonspecific binding sites were blocked with 5% bovine serum albumin in Tris-buffered saline (20 mM Tris·HCl, 137 mM NaCl, pH 7.6) with 0.1% Tween 20 for 1 h at room temperature. Membranes were probed with appropriate primary and secondary antibodies. Bands were visualized using enhanced chemiluminescence (Amersham Pharmacia Biotech) and analyzed with a Kodak Image Station 440CF. Membranes were then stripped and reprobed with appropriate primary and secondary antibodies specific for total protein. All exposures used for densitometric analysis were within the linear range.
Isolation of RNA from mucosal cells. Total RNA was isolated from the IEC cells using RNA-STAT solution (Tel Test, Friendswood, TX) according to the manufacturer's instructions. The total RNA was treated with DNase I (Invitrogen) to remove contaminating genomic DNA. DNase I-treated RNA was purified using RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentration was measured spectrophotometrically at optical density (OD) 260. Fig. 1 . A: intestinal epithelial cell (IEC)-6 monolayers were subjected to cyclic strain for 24 h after confluence. Cells were lysed in buffer and equal protein aliquots resolved by SDS-PAGE, followed by Western analysis. Strain increased Schlafen 3 protein to 1.92 Ϯ 0.11 (n ϭ 7, *P Ͻ 0.05). Bars represent densitometric analysis; representative Western blots are shown above the graph. B: confluent IEC-6 monolayers were strained for 24 h. Total RNA was extracted followed by real-time RT-PCR analysis. Strain increased Schlafen 3 mRNA to 1.73 Ϯ 0.20 (n ϭ 4, *P Ͻ 0.05). C: Schlafen 3 mRNA increases in a time-dependent fashion in response to strain (n ϭ 4, *P Ͻ 0.05).
RT-PCR.
The two-step RT-PCR was performed by using the GeneAmp Gold RNA PCR Kit (Applied Biosystems, Foster City, CA). Briefly, 1 g of purified RNA was reverse transcribed in the presence of 2.5 mM MgCl 2, 1ϫ RT-PCR buffer, 1 mM dNTPs, 10 mM dithiothreitol, 10 U RNase inhibitor, 1.25 M random hexamers, and 15 U Multiscribe Reverse Transcriptase in a final reaction volume of 20 l. The components were mixed, briefly spun down, and incubated at 25°C, 10 min for hybridization; then reactions were carried out at 42°C for 15 min in a Gene Amp PCR system 9600 (Perkin-Elmer, Foster City, CA) and cooled to 4°C. The RT reactions were subjected to PCR amplification. Five microliters of cDNA products were amplified with 2.5 U of Ampli Taq Gold Polymerase (Applied Biosystems), 1ϫ RT-PCR buffer, 1.75 mM MgCl 2, 0.8 mM dNTPs, 0.15 M upstream primers, and 0.15 M downstream primers in final concentration. Reactions were carried out in the Gene Amp PCR system 9600. Reactions were performed for 10 min at 95°C for activated AmpliTaq Gold DNA Polymerase, then for 20 s at 94°C, and then for 60 s at 62°C for 40 cycles for amplification of the target gene. The rat Schlafen 3 primers used were 5=-ATTCTGCTGTGCAGTGT-TCG-3= (upstream) and 5=-TTGCTTGGAGAAACATGCTG-3 (downstream). The ␤-actin primers used were 5=-CCCAGCACAATGAAGAT-CAA-3= (upstream) and 5=-ACATCTGCTGGAAGGTGGAC-3= (downstream).
siRNA transfection. Thirty-forty percent confluent IEC-6 cells were transfected with nontargeting siRNA (NT1), or siRNA to Schlafen 3 (Dharmacon, Lafayette, CO) as described previously (10) . Protein reduction (routinely 70 -90%) was confirmed by parallel Western blots.
Brush-border enzyme activity assay. DPPIV activity was measured spectrophotometrically by substrate digestion of H-Gly-Pro-pNA·p-tosylate (Bachem, Torrance, CA), in protein-matched cellular lysates as quantitated by BCA (Pierce) as previously described (5) . Standard DPPIV enzyme was purchased from Sigma.
Proliferation assay. Proliferation assays were performed as previously described (10) . Briefly, IEC-6 cells were plated on collagen-coated Flexwell plates at 10% confluence, cultured overnight, and then transfected with nontargeting siRNA (NT1), or siRNA to Schlafen 3. On the following day, cells were serum deprived for 6 h with 1 plate reserved for a time 0 measurement. The remaining serum-starved cells were switched back to normal growth medium with 10% FBS under static or repetitive strain conditions, or incubate without or with EGF for 24 h. Cells were then fixed and stained with crystal violet for dye elution assay. Using 10% acetic acid, dye was extracted, and absorbance at 550 nm was measured using a Thermomax microplate reader (Molecular Devices, Ramsey, MN). Each experiment contained six observations.
Statistics. All data are expressed as means Ϯ SE of at least three independent similar experiments. Statistical analysis was performed using paired or unpaired t-tests or analysis of variance as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
Strain increased both Schlafen 3 protein and mRNA.
To determine whether strain increases Schlafen 3 protein and mRNA in IEC-6 cells, we subjected confluent serum-deprived cells to . B: cells were plated on collagen I and transiently transfected with siRNA targeted to Schlafen 3 or with nontargeting NT1 sequences before lysis and DPPIVspecific activity assay. Strain increased DPPIV activity to 1.63 Ϯ 0.09 (B; n ϭ 6, *P Ͻ 0.05). Reducing Schlafen 3 prevented any stimulation of DPPIV activity by strain compared with unstretched cells, while basal activity lowered to 0.35 Ϯ 0.05 (B; n ϭ 6, *P Ͻ 0.05), strongly suggesting that Schlafen 3 mediates the strain effect on DPPIV stimulation. C: to determine the role of Schlafen 3 in villin expression following strain, we transiently transfected cells plated on collagen I with siRNA targeted to Schlafen 3 or with nontargeting NT1 sequences for 72 h before strain and assessed villin expression by Western blot. Schlafen 3 siRNA moderately reduced villin levels and eliminated the strain effect (n ϭ 4, *P Ͻ 0.05).
cyclic strain for 24 h and assayed Schlafen 3 protein levels by Western blotting and gene expression by RT-PCR. Cyclic strain increased Schlafen 3 protein and mRNA levels to 1.73 Ϯ 0.20 (n ϭ 4, P Ͻ 0.05) and 1.92 Ϯ 0.11 (n ϭ 7, P Ͻ 0.05), respectively (Fig. 1, A and B) . Furthermore, Schlafen 3 mRNA increased in a time-dependent fashion in response to strain. Cyclic strain for 0 -48 h increased Schlafen 3 expression, with a maximal observed increase in expression of 2.46 Ϯ 0.31 at the 12-h time point (Fig.  1C , n ϭ 4, P Ͻ 0.05). We chose to study 24 h of an average 10% deformation at 10 cycles per minute as our primary stimulus because we have previously demonstrated that this stimulus modulates brush-border enzyme activity in human intestinal Caco-2 cell monolayers (5). These parameters are similar in magnitude and frequency to those observed during normal intestinal peristalsis (18) and villous motility (72) .
Reducing Schlafen 3 by siRNA inhibited the stimulation of DPPIV activity and villin expression by strain. We reduced Schlafen 3 protein by a specific siRNA before strain and examined DPPIV activity by DPPIV activity assay. Schlafen 3 levels were reduced by Ͼ70% 72 h after treatment before application of strain ( Fig. 2A, n ϭ 3) . DPPIV enzymatic-specific activity was increased in lysate from IEC-6 cells exposed to cyclic strain for 24 h to 1.63 Ϯ 0.09 compared with cells not exposed to strain for this period (Fig. 2B , n ϭ 6, P Ͻ 0.05), similar in magnitude to previously reported effects of other differentiating stimuli in IEC-6 cells (37) as well as to the effects of cyclic strain in Caco-2 cells (5). Schlafen 3 reduction by Ͼ70% using a specific siRNA decreased basal DPPIV to 0.35 Ϯ 0.05 (Fig. 2B , n ϭ 6, P Ͻ 0.05) and prevented any stimulation of DPPIV activity by strain. Exposure to strain also increased villin protein levels to 1.34 Ϯ 0.10, and this effect was also eliminated by Schlafen 3 reduction (Fig.  2C , n ϭ 4, P Ͻ 0.05). Other differentiating stimuli in IEC-6 cells have similar magnitude effects on villin (64, 70) .
Schlafen-3 reduction by siRNA also inhibited the stimulation of DPPIV activity by sodium butyrate or TGF-␤. Reducing Schlafen 3 by siRNA also prevented DPPIV induction by sodium butyrate (1 mM) or transforming growth factor (TGF)-␤ (0.1 ng/ml), two unrelated differentiating stimuli. Induction of DPPIV activity by sodium butyrate and TGF-␤ was significant in IEC-6 cells (n ϭ 4, P Ͻ 0.01, Fig. 3, A and D) . DPPIV activity induced by strain can be further increased by sodium butyrate, suggesting that sodium butyrate induces differentiation by a different mech- Fig. 3 . Schlafen-3 reduction by siRNA also inhibited the stimulation of DPPIV activity by 24-h treatment with sodium butyrate (1 mM) or transforming growth factor (TGF)-␤ (0.1 ng/ml). A: sodium butyrate, a differentiating agent, stimulated DPPIV activity in IEC-6 cells plated on collagen I (Col I) (n ϭ 4, *P Ͻ 0.01). B: DPPIV activity was increased by strain and sodium butyrate (1 mM), indicating that sodium butyrate induces differentiation by a different mechanism from strain (n ϭ 3; *P Ͻ 0.05). C: cells plated on collagen I and transiently transfected with siRNA targeted to Schlafen 3 (Slfn 3) or nontargeting NT1 sequences were treated with sodium butyrate (1 mM) before lysis and assay for DPPIV-specific activity. DPPIV activity was increased by sodium butyrate (1 mM) to 1.82 Ϯ 0.09 in NT1-treated cells, but this effect was completely blocked by transfection with Schlafen 3 siRNA (n ϭ 5, *P Ͻ 0.05). D: TGF-␤, another well-characterized differentiating agent, stimulated DPPIV activity in IEC-6 cells plated on collagen I (n ϭ 4, *P Ͻ 0.01). E: in IEC-6 cells plated on collagen I, addition of TGF-␤ stimulated DPPIV to 1.41 Ϯ 0.04, and this effect was similarly prevented by reducing Schlafen 3 with siRNA (n ϭ 3; *P Ͻ 0.05).
anism from strain (n ϭ 3, P Ͻ 0.05, Fig. 3B ). These results further suggest the potential importance of Schlafen 3 in the regulation of intestinal epithelial differentiation because different differentiating stimuli each require Schlafen 3 for activity. We then treated IEC-6 cells with sodium butyrate (1 mM) or TGF-␤ (0.1 ng/ml) after transiently transfected cells with Schlafen 3-specific siRNA. DPPIV activity was increased by sodium butyrate (1 mM) in NT1-treated cells to 1.82 Ϯ 0.09 (n ϭ 5, P Ͻ 0.05), but this effect was completely blocked by transfection with Schlafen 3 siRNA, as shown in Fig. 3C . DPPIV activity was increased by TGF-␤ (0.1 ng/ml) in NT1-treated cells to 1.41 Ϯ 0.04 (n ϭ 3, P Ͻ 0.05); however, the effect of TGF-␤ on DPPIV activity was eliminated in cells transfected with siRNA to Schlafen 3 (n ϭ 3, P Ͻ 0.05 Fig. 3E ).
Schlafen-3 reduction by siRNA did not inhibit strain or EGF-induced proliferation in IEC-6 cells.
We have previously shown that cyclic strain also stimulates IEC-6 cell proliferation. However, Schlafen-3 reduction by siRNA did not prevent the mitogenic effect of strain or that of EGF (n ϭ 3, P Ͻ 0.05 for each), as shown in Fig. 4 .
The induction of Schlafen 3 protein by strain was prevented by blocking Src, p38, or PI3-K, but not ERK. Although the upstream mediators by which strain influences differentiation are not known, we have previously described activation of Src, ERK, p38, and phosphatidyl inositol (PI3)-kinase by strain and shown that Src, ERK, and PI3-kinase mediate the mitogenic effect of strain, which is independent of p38 activation (10, 20) . We therefore examined strain stimulation of Schlafen 3 protein levels in the absence or presence of PP2 (10 M), PD98059 (20 M), SB203580 (10 M), and LY294002 (20 M), which block Src, ERK, p38, and PI3-kinase, respectively. To confirm that the compounds were actually inhibiting Src, p38, and PI3-kinase activity, respectively, we took advantage of previous studies demonstrating that phosphorylation of FAK Y576, Hsp27 accumulation, and phosphorylation of Akt are downstream consequences of Src (12, 62) , p38 (29, 34, 48) , and PI3-kinase (27, 45) activation, respectively, in a variety of cell types. PD98059 is a specific MAPK/ERK kinase inhibitor that prevents downstream activation of ERK1 and ERK2 in response to various stimuli in diverse cell types (59, 74) , so ERK phosphorylation served as a marker for efficacy for the PD98059 compound. We confirmed that all the agents used actually inhibited the activity of their target kinases (Fig. 5, A, B , C, and D, lower two blots for each, 1 of 3 similar experiments for each). Blocking Src or PI3-kinase prevented strain induction of Schlafen 3, similar to previous observations that Src and PI3-kinase are required for the mitogenic effects of strain in IEC lines (10, 20) . However, Schlafen 3 induction required activation of p38 but not ERK in contrast to the mitogenic effects of strain, which requires ERK but not p38 (9, 10) (Fig. 5, A, B , C, and D; n ϭ 4; P Ͻ 0.05 for each). Parallel RT-PCR studies confirmed that strain stimulation of Schlafen 3 gene expression was also prevented by Src blockade (Fig. 5E , n ϭ 7, P Ͻ 0.01). These results suggest that cyclic strain modulates intestinal epithelial Schlafen 3 expression via Src, p38, and PI3-kinase activation and in particular identify for the first time a role for p38 induction by strain in IECs on a collagen substrate.
Strain did not induce Schlafen 3 expression or DPPIV activity in IEC-6 cells cultured on fibronectin.
We have previously reported that strain effect on cell biology is matrix dependent. Strain stimulates intestinal epithelial proliferation on collagen substrates but stimulates migration across fibronectin (10, 20, 76) . The matrix dependence of the differentiating effects of strain on IECs has not previously been investigated. Therefore, we sought to determine whether strain effect on Schlafen 3 is similarly affected by different matrix substrates. We exposed normal small IEC-6 cells cultured on collagen or fibronectin to strain for 24 h and measured Schlafen 3 expression by Western blotting. Induction of Schlafen 3 expression across collagen by strain was statistically significant. In contrast, no stimulation of Schlafen 3 expression by strain was observed in cells cultured on fibronectin (n ϭ 4, P Ͻ 0.05, Fig. 6A) . In further studies, IEC-6 cells grown to confluence on either collagen or fibronectin were subjected to 24 h of strain, and DPPIV specific activity was measured. We observed that fibronectin slightly decreased basal DPPIV activity and prevented any stimulation of DPPIV activity by strain in contrast to collagen (n ϭ 5, P Ͻ 0.01, Fig. 6B ) and in parallel with our observations of the matrix dependence of the effects of strain on Schlafen 3.
DISCUSSION
The gut mucosa repetitively experiences mechanical forces causing strain and pressure, including villus motility, contact with luminal contents, and peristalsis (28, 72) . Although intes- Fig. 4 . Schlafen 3 reduction did not modulate intestinal epithelial proliferation induced by strain or EGF. A: IEC-6 cells transiently transfected with siRNA targeted to Schlafen 3 or with a nontargeting NT1 sequence were maintained under static conditions or cyclic strain for 24 h before crystal violet staining. Strain stimulated proliferation in both NT1-treated cells and cells in which Schlafen 3 was reduced (n ϭ 3, *P Ͻ 0.05). IEC-6 cell monolayers exposed to cyclic strain for 24 h display significantly increased cell numbers after strain initiation compared with static control cell monolayers at the same time point, as assessed by a colorimetric assay using crystal violet absorbance assay over the linear range of the assay, with interpolation against a standard curve. However, reducing Schlafen 3 by siRNA could not block this strain effect. B: incubation IEC-6 cells with 10 pM EGF for 24 h resulted in a 1.68 Ϯ 0.02-fold (n ϭ 3, *P Ͻ 0.05) increase in proliferation. However, reduction of Schlafen 3 by transient transfection with siRNA targeted to Schlafen 3 also did not block EGF-induced IEC-6 proliferation compared with static control.
tinal epithelial deformation in vivo is complex, we chose to study the effects on cultured nontransformed IEC-6 cells of a regular and rhythmic deformation pattern of physiologically relevant amplitude and frequency to facilitate reproducible analysis at acute time points. We found that repetitive strain induced an absorptive phenotype characterized by increased DPPIV activity and increased villin expression via induction of Schlafen 3 in rat IEC-6 cells on collagen. However, strain failed to induce Schlafen 3 or increase DPPIV activity on a fibronectin substrate, indicating that the strain effect on differ- entiation is somehow matrix dependent. Cyclic strain modulated intestinal epithelial Schlafen 3 expression via Src, p38, and PI3-kinase activation. Furthermore, Schlafen 3 might also be a key factor in the induction of intestinal epithelial differentiation by other stimuli such as sodium butyrate or TGF-␤. However, these effects are independent of the mitogenic effect of strain because Schlafen-3 reduction by siRNA did not inhibit strain-induced proliferation in IEC-6 cells.
Considerable evidence indicates that cyclic mechanical deformation provides physical signals for differentiation in many cell types that experience strain normally in vivo (25, 31, 32, 43, 63, 69) . Although cell differentiation is difficult to study in vivo, intestinal lines that reproducibly modulate brushborder enzyme expression permit the modeling of this process in culture. The expression of active brush-border enzymes and microvilli-specific structural protein has proven useful markers of differentiation of IECs. We have previously reported that brush-border enzyme DPPIV is amplitude dependently stimulated by strain in Caco-2 cells (5) and here confirm this observation in nonmalignant IEC-6 cells. Although we measured only DPPIV-specific activity in this study, we have previously reported that changes in DPPIV protein levels in response to cyclic strain correlate with DPPIV specific activity (5) . In addition, we demonstrate here that strain affects the expression of another differentiation marker, the microvillispecific protein villin, similarly.
Although the mechanism of strain-induced differentiation is poorly understood, our data suggest that Schlafen 3 expression stimulated by strain plays a critical role in regulating this strain effect, and Schlafen 3 might even be a common effector of differentiating agents such as butyrate (38, 40, 56) and TGF-␤ (26, 58, 71) . Stimulation of Schlafen 3 expression was associated with increased activity of DPPIV and increased expression of villin, whereas transfection of IECs with siRNA to Schlafen 3 markedly attenuated those two, indicating a relationship between Schlafen 3 and intestinal epithelial differentiation. In contrast to the effects of strain on differentiation, Schlafen 3 was not required for the mitogenic effect of either strain or EGF despite many reports that Schlafen family members serve as negative regulators of growth (6, 52, 61) . Indeed, Schlafen 1 and Schlafen 2 were also found to not regulate proliferative activities in vitro in murine fibroblasts or myeloid cell lines (77) .
Although we have studied collagen I here, previous studies demonstrated that strain affects IECs similarly on type I and type IV collagen substrates (3). Interestingly, although the effects of strain on the differentiation of the intestinal epithelial cells cultured on collagen substrates had previously been studied (5), the effects of strain on the differentiation of intestinal epithelial cells cultured on fibronectin had not previously been investigated. Strain was unable to induce Schlafen 3 or stimulate DPPIV activity on fibronectin, consistent with the model that Schlafen 3 induction is required for strain to induce IEC-6 intestinal epithelial differentiation and suggesting that straininduced differentiation is matrix dependent similarly to straininduced proliferation (which also occurs on collagen or laminin but not fibronectin) but inversely to strain-induced migration (which occurs on fibronectin but not collagen) (8, 10, 11, 19, 20, 75, 76) . This may be important because fibronectin deposition is characteristic of gut inflammatory states characterized by chronic mucosal injury (68) in which the sealing of breaks in the mucosal barrier by restitution may be more critical than enterocytic differentiation.
We have previously reported that PI3-kinase, Src, ERK, and P38 are activated in IECs subjected to repetitive mechanical strain on collagen substrates (9, 10, 20, 44) . However, PI3-kinase, Src, and ERK had previously been implicated in the regulation of intestinal epithelial proliferation by strain (10, 20) , whereas the role of p38 in mediating physical force effects in IECs is not yet well understood. Our present results suggest that strain-associated p38 activation plays an important role in mediating the effects of cyclic strain on the expression of differentiation genes in IEC-6 cells independently of mitogenic ERK signaling. Activation of specific MAPKs by mechanical strain has also been shown to be involved in phenotypic Fig. 6 . Strain increased Schlafen 3 protein and DPPIV activity on collagen but not on fibronectin. A: IEC-6 cells cultured on membranes coated with collagen or fibronectin were maintained under static conditions or repetitive deformation for 24 h before lysis and Western blot for Schlafen 3 protein. Schlafen 3 expression of IEC-6 cells was different in response to strain on collagen compared with cells on fibronectin. Induction of Schlafen 3 expression across collagen by strain was statistically significant. In contrast, little stimulation of Schlafen 3 expression by strain was observed in cells cultured on fibronectin (n ϭ 4; *P Ͻ 0.05). B: DPPIV activity was determined by DPPIV activity assay in IEC-6 cells subjected to 24 h of strain after grown to confluence on either collagen or fibronectin. Fibronectin slightly decreased basal DPPIV activity and prevented any stimulation of DPPIV activity by strain in contrast to collagen (n ϭ 5; *P Ͻ 0.01). modulation in some other mechanosensitive cell types including vascular smooth muscle cells (54, 66) and osteoblasts (22, 35) . However, the role of p38 in mediating strain effects seems likely to be cell-type and matrix specific. In human bone marrow stromal cells, ERK and p38 are each activated in response to strain, but neither seems required for strain-induced enhanced differentiation (15) . In contrast, p38 activation in response to strain in embryonic stem cells is required for strain-stimulated differentiation (60) . Moreover, p38 stimulates differentiation in intestinal cells subjected to some other stimuli as well, such as sodium butyrate (16) and oligosaccharides (39) . Our observation that p38 inhibitor SB203580 blocks strain-induced Schlafen 3 expression suggests a possible role for p38 in intestinal differentiation via Schlafen 3, whereas the different roles of p38 in mediating strain effects in other cell types likely reflect the different regulatory machinery of these other cells.
We additionally demonstrated that blocking PI3-kinase by LY294002 or blocking Src by PP2 each prevented induction of Schlafen 3 by strain. This observation is consistent with previous suggestions that PI3-kinase activation is required for the stimulation of p38 MAPK during chondrogenesis of mesenchymal cells (50) , and PP2 regulates human trophoblast cells differentiation by activating p38 (13). Thus it would appear then that repetitive deformation is an important trophic factor for IECs that promote a differentiated phenotype.
In conclusion, cyclic mechanical strain applied to cells plated on collagen activated cell signals necessary for cell differentiation in a matrix-dependent fashion. The induction of Schlafen 3 or its human homologs by strain may modulate intestinal epithelial differentiation and preserve the gut mucosa during normal gut function.
